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I. INTRODUCTION 
NMR is a powerful spectroscopic tool and widely used 
in physics studies.  However, the detection of 
conventional NMR is inapplicable to nanostructures 
with a small ensemble of nuclear spin, such in a GaAs 
based quantum point contact (QPC).  A more 
susceptible technique namely resistively detected-
NMR (RDNMR) can help us to circumvent the 
limitation.  QPC can be exploited as a tunable spin 
filter device. The QPC constriction is created typically 
by imprinting a saddle-like electrostatic potential on a 
two dimensional electron gas (2DEG). Within the QPC, 
for instance, two separated chiral spin edge channels 
can be brought closer, allowing spin flip scattering to 
occur. In the presence of hyperfine interaction, the spin 
flip scattering provides a way to polarize an ensemble 
of nuclear spins in the QPC. The polarization of as 
small as 107 nuclear spins can be sensitively readout 
through the conductance change in the spin-resolved 
regime. 
We divide the work into three separate sections to 
distinguish each own result clearly, but otherwise the 
subjects are interrelated and fall into a larger theme of 
hyperfine-mediated transport. 
 
II. DEVICE AND METHODS 
We carry out the measurement on a triple gate QPC, 
consisting of a pair of split metal gates with additional 
canter gate in between. We use a high quality 20-nm 
wide GaAs quantum well. The low temperature 
electron mobility is 𝜇 = 1.47 x 106 cm2/Vs at an 
electron density 𝑛𝑠 = 1.8 x 10
11 cm−2. An ac current 
𝐼𝐴𝐶 = 1 nA (10 nA) is applied for transport (RDNMR) 
measurements. We put the sample inside a dry dilution 
refrigerator with an electron temperature of about 
300mK for RDNMR detection in integer filling factor 
(ν𝑏 ,  ν𝑞𝑝𝑐 = 2,1)  and at 100 mK for a more fragile 
filling factor combination. The diagonal voltage V𝐷 is 
measured using a phase-locked lock-in amplifier.  Prior 
to the RDNMR measurement, the nuclear spins are 
polarized via current induced-dynamic nuclear 
polarization (DNP) by applying 𝐼𝐴𝐶 = 10 nA for 1000 
s. Then radiofrequency (rf) with −30 dBm power is 
swept through 75As Larmor frequency at a sweep rate 
of 100 Hz/s.  
III. MAGNETIC FIELD DEPENDENCE OF 
RDNMR DETECTED AT LOWEST LL 
 
 
Fig 1. (a) RDNMR signals of the high-mobility and low-mobility 
devices measured at ν𝑞𝑝𝑐 < 1  with magnetic-field variation. The 
strain around the QPC structure increases the quadrupolar fields, 
resulting in a threefold degeneracy spectrum for all the RDNMR 
signals. (b) FWHM of RDNMR central transition (CT) shows 
dependency on the magnetic field in the lower magnetic field and 
saturate at a higher magnetic field. Blue dashed line at 1 kHz 
corresponds to GaAs nuclear dipole interaction. 
We systematically test the condition limiting the 
observability of the RDNMR signal, under the simplest 
possible condition where the lowest LL alone (N = 0) 
was occupied. The electron density in a quantum well 
is adjusted by applying the back-gate bias (𝑉𝐵𝐺 ) to 
maintain this condition for all the given magnetic fields. 
We decrease the magnetic field and observe the 
changes in the RDNMR signal. By doing so, we can 
track the evolution of RDNMR spectra from high to the 
lowest possible magnetic field. As the RDNMR-signal 
shape and strength are sensitive to the detection point, 
we carefully select the RDNMR detection point at 
around the same value of ν𝑞𝑝𝑐 < 1. In the presence of 
positive nuclear spin polarization, RDNMR signal 
observed as conductance peak, summarized in Fig. 1(a). 
All RDNMR signals exhibit threefold degeneracy 
spectra with the separation between each peak at ∆𝑓≈
20 kHz raised due to electric field gradient (EFG) 
induced-quadrupole interaction, which is independent 
of the field. Interestingly, the central NMR linewidths 
vary with the field strength as shown in Fig. 1(b).   
Below 𝐵 = 3 T, the linewidth decreases in proportion 
with the field, reflecting contributions of the Knight-
shifts, and approach a lower limit of 1 kHz 
corresponding to the GaAs nuclear dipole interaction. 
In a higher magnetic field, FWHM saturated at around 
13 kHz, suggesting the contribution of Coulomb 
interaction [1]. 
IV. RDNMR DETECTION AT HIGHER LLs 
 
Fig 2. (a) Diagonal conductance GD as a function of split gate bias 
voltage measured at several perpendicular magnetic fields. The open 
circles indicate the RDNMR detection point at higher LL. (b) 
RDNMR spectra measured as conductance peaks at different ν𝑏 , 
ν𝑞𝑝𝑐 combination. 
To further push the detection limit of NMR in a QPC 
in a bid to preserving the spin degeneracy of the lowest 
1D subband level, we demonstrate local generation and 
detection of nuclear spin polarization operating at 
higher LLs as displayed in Fig. 2(a) [2]. We detect 
conductance peak as expected from our understanding 
of inter-edge channel spin scattering in RDNMR 
detection. Through this approach, we manage to push 
the detection limit down to B = 0.98 T. Our developed 
NMR technique can potentially work at even lower 
perpendicular magnetic fields and/or elevated 
temperatures by employing a higher mobility device 
and a lower 2DEG density. We believe this work would 
open a way to study 1D electronic states such as the 0.7 
anomalous conductance near zero magnetic field via 
nuclear spin relaxation rate and Knight shift 
measurements. Those measurements are currently 
underway. 
 
V. RDNMR DETECTION AT FQHE REGIME 
We then expand our study to another interesting 
phenomenon that can be observed in the high-magnetic 
regime: the fractional quantum hall effect (FQHE). At 
a high magnetic field, it is safe to assume that the 
electron spin is fully polarized and so does the current-
carrying edge channel. In this case, we expect the spin 
flip scattering, responsible for DNP and NMR signal, 
to be absent. To examine this hypothesis, we set the 
bulk filling to vb = 1 at a field of 12 T and the point 
contact filling to vqpc = 2/3. However contrary to our 
expectation, we observe current-induced RDNMR 
signal as displayed in Fig. 3(a) at both flank of vqpc = 
2/3 with different signal polarity. We observe a 
conductance dip for vqpc > 2/3 but it gets reversed when 
the filling factor is reversed to vqpc < 2/3. Moreover, the 
central transition is Knight shifted with increasing a 
negative voltage to the split gates as indicated by the 
dashed line in Fig. 3(a). 
Fig 3. (a) RDNMR signal measured with ν𝑏 ,  ν𝑞𝑝𝑐 = 1, 2/3 
combination. (b) Illustration of the corresponding edge channel. 
Our result suggests that the actual edge channel could 
be much more complex and we could not treat the spin 
to be always fully polarized as in the current existing 
theoretical model. 
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Since the first realization of a two-dimensional electron gas (2DEG) in GaAs/AlGaAs
based semiconductor heterostructures in 1980s, many interesting quantum transport
phenomena including the integer quantum Hall effect (IQHE) [11] and fractional quan-
tum Hall effect (FQHE) [4] have been observed. Exposing the 2DEG to the magnetic
field will switch its continuous density of state into a sharp discrete set of δ-functions
called Landau Levels (LL) [11]. In a system with a parabolic energy dispersion the
quantized energy levels of a particle become equally spaced and the electron will exe-
cute circular trajectory orbit leads to the formation of skipping orbit. In a quantum
picture it becomes chiral edge channel in which the time reversal symmetry is broken
and moves in a one-direction. We can further manipulate the 2D system to behave as
a lower dimensional system by introducing surface metal gate to confine the 2DEG in
one or zero dimension (i.e. quasi-1D system formed by laterally confined 2DEG using
quantum point contacts (QPCs) – a short and narrow confinement of 2DEG electrostat-
ically) [12–14]. The basic understanding of 2DEG system and its lateral confinement
will be discussed in chapter 2.
The most appealing feature of QPCs is the tunability of 1D channel width. Applying
a negative bias to the split-gate will induce saddle-point confinement potential [5]. A
negative bias applied to the split gate (SG) grown on top of heterostructure would
deplete the carriers underneath, leaving a very narrow channel in between. We then can
see quantized conductance that is intimately related to IQHE by using QPC, though the
origin of quantized conductance is quite different from IQHE. For our research purposes,
we employ a triple-gate QPC consisting of a pair of split metal gates with a center gate
deposited in between to modify the confinement potential. Our fabrication ‘recipe‘ of
high-mobility and low-mobility triple-gate QPC is detailed in chapter 3.
1
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In chapter 4 we compare the transport characteristic of high-mobility and low-mobility
device. Additional center-gate is proven to be beneficial so that we can observe a clear
zero magnetic quantized conductance even in a low-mobility QPC device. We then
bring the electrons to occupy the lowest Landau level (LLL) with the help of magnetic
field. The action of magnetic field can lift the spin degeneracy of the LLL. Then we test
observability of half-conductance plateau (G = 0.5 × 2e2h ) using both devices at several
different magnetic fields.
Furthermore, we exploit the QPC ability to act as spin-filter [15, 16]. QPCs can selec-
tively transmit a single polarity and blocked the opposite polarity. Experimentally, a
QPC brings two edge channels spatially and energetically closer to each other, allow-
ing spin scattering to occurs. This mechanism allows us to detect NMR signal even in
small ensemble of nuclear spin in a low-dimensional system [8, 17–19]. We explore the
susceptible technique, namely resistively detected-NMR (RDNMR), in chapter 5. In
chapter 6 we found correlation between observability of conductance plateaus and the
low-magnetic field limits in which one can detect the RDNMR signal. Interestingly for
a relatively high magnetic field regime (B > 3 T) we find the central NMR linewidths,
which one would thing vary linearly with the magnetic field strength, saturate around
13 kHz [20].
To further push the detection limit of NMR in a quantum point contact, we demonstrate
the local generation and detection of nuclear spin polarization operating at up to the
fifth LL. RDNMR detection in higher Landau level are described in chapter 7. Through
this approach, we manage to push the detection limit down to B = 0.98 T without
lifting the spin degeneracy of the lowest 1D subband. This technique would be useful
to study a number of interesting electronic states at or near zero magnetic field such as
the enigmatic 0.7 anomalous conductance [19, 21–25].
We then expand our study to another interesting phenomenon that can be observed in
the high-magnetic regime: the fractional quantum Hall effect (FQHE), in which con-
ductance plateaus appears at fractional filling factor ν [4, 26]. In chapter 8 we show
our observation of the odd-denumerator νqpc =
2
3 and even-denumerator νqpc =
3
2 con-
ductance plateau. The narrow channel formed by QPC enable us to study the edge
channel characteristic in FQH states, which can be more complicated edge channel due
to ’edge reconstruction’. Surprisingly, we are able to polarize the nuclear spin and detect
RDNMR signal with combination νbulk, νqpc = 1,
2
3 . Our results suggest the spin degree
of freedom is not completely frozen at hight magnetic field, as opposed to the existing
theoretical approach.
Chapter 2
Physics of Low Dimensional
Semiconductor
Stacking more than one materials with different band gap allow electrons free to move
in two or lower dimensions[27]. This band engineering allows us to tailor electronic
and optical properties of a material at will. An example includes III-V compound
semiconductors that have been extensively studied for it semiconducting properties.
To obtain an ideal III-V heterostructure with a good interface it has to comply with
3 conditions: (1) neat interface between two adjacent materials. This is satisfied by
growing the materials using a molecular beam epitaxy (MBE) with atomic precision;
(2) similar crystal structures, which has been satisfied with common III-V compound;
(3) similar lattice constants thus we have no strain in the final structure. There are a
few materials comply with all the three conditions. One of the most extensively studied
system is GaAs/AlGaAs heterostucture[28, 29]. The similar lattice constant and crystal
structure let us form a sandwich heterostructure without creating a strain. It has a
reasonably good electron mobility and widely used in electronic devices, including the
high-electron-mobility-transistor (HEMT), solar cells, and so on.
The aim of growing heterostructure is to give access for us to manipulate the behaviours
of electrons/holes through band engineering. In the case of GaAs/AlxGax−1As, the
position of conduction band minima changing with the fraction of Al in the alloy x. The
lowest minima in conduction band changes from Γ (direct gap) to χ (indirect gap) with
increasing the Al concentration in the alloy x > 0.45. Thus AlxGax−1As with x ≤ 0.4
is more widely used [1].
3
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Figure 2.1: Energies of the conduction band minimum at Γ, χ, and L. The
AlxGax−1As valence band maximum at Γ as a function of x fraction. (Adopted from
[1]).
2.1 2 Dimensional Electron Gas (2DEG)
The key feature of GaAs/AlGaAs heterostructure is the formation of quantum well at the
interface between GaAs and AlGaAs, forming a two-dimensional electron gas (2DEG).
The discontinuities in the conduction bands occur when we grow a layer of AlGaAs on
top of a layer of GaAs. The potential well created at the interface between GaAs and
AlGaAs due to the charge transfer between two materials and conduction band offset.
Thereby, it is possible to confine electrons in the potential well. Trapping electrons in
narrow potential well could restrict their movement in one dimension (z-direction) and
roam free in the other directions, resulting in the formation of what we call 2DEG.
Now, the 2DEG has to be populated with electrons/holes. A common technique to in-
troduce higher 2DEG concentration in heterostructure is by introducing dopant to the
structure. The observation of 2DEG formed by modulation doping technique pioneered
by Dingle and Strömer [30] in 1978 leads to many interesting phenomenon in semicon-
ductor, including the Integer Quantum Hall Effect (IQHE) and Fractional Quantum Hall
Effect (FQHE) [31]. Similar to modulation doping technique, the interaction between
donors and free electron in δ-doping technique also resulting in confinement of carriers in
2D layer. The δ-doping technique first introduced by Bass [32] in 1979. This technique is
applicable to epitaxially deposited semiconductors. The doping profile similar to a delta
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Figure 2.2: (a) Energy levels of a quantum well formed in the interfaces between
AlGaAs/GaAs/AlGaAs. (b) Energy bands of 2DEG in GaAs quantum well. (c) Density
of State for a quantum well structure. (Adopted from [2]).
function with spike at the growth interruption position. The majority of research has
concentrated on Si (n-type) and Be (p-type) doping in III-V heterostructure, including
GaAs/AlGaAs heterostructure [2, 32].
The vertical confinement of electron gas means that the spacing of all accessible energy
level in z-direction is greater than the level broadening and the thermal energy. Here
the density of states in z-direction is discrete. The motion perpendicular to the place is
quantized and the band structure compromise 2D electronic bands associated with the
quantized levels in normal direction called subbands. When only the lowest subband is
occupied by the electron, we can treat the motion in 2D.
The Schrödinger equation reads
HΨ = [ 1
2m∗
p2 + V (z)]Ψ = EΨ (2.1)
where m∗ is the electron effective mass, p is momentum in 2D pane (x, y) and V (z) is
the confining potential. The wave function Ψ can be expressed as
Ψ = ei(kxx+kyy)Φn(z) (2.2)
The potential energy leaves the electron free to move in x − y direction and quantized
in z direction. For energy E smaller than the potential barrier V , the energy in the
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quantum well is given by







The results are illustrated in figure 2.2. The potential Vz with allowed energy levels and
density of states for quantum well structure.
We can further reduce the movement of electrons/holes into a lower dimension by using
etching or surface gate to confine the 2DEG in one or zero dimension. The dimension













where kF is the Fermi wavenumber, ns is the sheet carrier concentration, m
∗ is the
electron effective mass and EF is the Fermi energy. For a typical GaAs/AlGaAS het-
erostructure the Fermi energy is EF ≈ 10meV . The lateral confinement of 2DEG will
be discussed in subchapter 2.4.
2.2 Low Dimensional System in Strong Magnetic Field
A magnetic field has a dramatic effect on a charge particle moving in a low dimensional
system. The continuous density of states of 2DEG splits into a discrete set of δ-function
called Landau Levels (LL). Classically in the presence of magnetic field, an electron exe-
cutes circular trajectories with constant angular frequency known as cyclotron frequency
ωC =
eB







2.2.1 Landau Levels and Edge Channel
In homogeneous magnetic field perpendicular to 2DEG, B will quantized the electron’s
total energy by introducing an additional component of momentum, called the field
momentum, and turning the Hamiltonian into a quantum harmonic oscillator problem.





where n = 0, 1, 2, 3, ... In the presence of a magnetic field, the energy levels of a system
with a parabolic energy dispersion as in GaAs case become equally spaced, with the
gap between each level proportional to the magnetic field B. The continuous density of
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Figure 2.3: (a) Continuous Density of state of 2DEG replaced by sharp δ-functions
formed the degenerate Landau levels (LLs) (b) Each LLs are expanded to localized
states and expanded states attributed to the impurities. The spin degeneracy lifted by
the Zeeman energy g∗µBB.
states for 2DEG now replaced by a series of δ-functions called Landau Levels (LLs) [33]
at energies given by equation 2.5. Here the energy depends only on n and independent
to kx. State with the different quantum number k but same n are degenerate.
Each Landau levels contains degenerate states corresponding to different wave vector
kx. The allowed number of states in each Landau level per unit area is nB =
eB
h .
By neglecting the spin splitting effect, the number of occupied Landau level or filling








In a simple case of no Landau level mixing (i.e. zero temperature, non-interacting
electrons, and no disorder), thus all electrons fall into the lowest available energy state.
Note that as the field increases, more electrons can fit into each LL, and so the filling
factor decreases proportionally.
Typically each Landau level contains both spin up and spin down states at low field. At
high field, Zeeman splitting is no longer negligible compared to Landau level splitting
~ωC and two levels associated with the two spin become completely separated. Taken








The second term is the zeeman splitting where g∗ is the effective Lande g- factor, µB is
the Bohr magneton, and B is the magnitude of applied magnetic field. Since an electron
is a spin 12 system, the filling factor represents the number of these spin-split Landau
level that are occupied.
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In a more realistic system, we have to take a finite size and potential disorder effect into
account. At sufficiently high magnetic field, the δ-functions peak of density of states
then will undergo some broadening but still retained the gap between each states. Here
an electron gains additional confining potential (V (y)), resulting in the formation of
magnetoelectric subbands. Magnetoelectric subbands are a mixture of quantization due
to lateral confinement potential and quantizing effect of the magnetic flux in term of




)~ωC + V [~kx/eB] (2.8)
The potential at the sample edge lifts the Landau level degeneracy with energy dispersion
En(kx). Finite group velocity of the states directed along equipotential lines in the x-












In the interior of the sample, electrons are localized because most of the equipotential
form a closed loop. The states squeezed to the edge are called edge states[34], which fun-
damentally different from the states residing in the bulk because they are no closed and
do not enclose any magnetic flux. Thus the edge states are able to carry a dissipation-less
current and serve as an ideal 1D channel.
Edge states are due to Landau level bending at the physical edge, which in the bulk
lies below the Fermi level but rise in energy when approaching the sample boundary.
The point of intersection of the nth LL with the Fermi level forms the site of edge state
belonging to the n-th edge channel. In Figure 2.4 we see the random potential raising
fluctuations in the confining potential. The upper channel shows the condition when
three edge states propagating within the sample.
The edge states form a one-dimensional object called the edge channels. The classical
behaviour of electrons near the edge or wire is shown in Figure 2.4(a). Electrons ought
to execute circular cyclotron orbits, however the orbits are interrupted when the electron
hits the boundary. This results in skipping orbit than bounces along the boundary. The
states on opposite edges travel in opposite direction. The magnetic field confines these
channels against the confining potential and restrict their movement to be clockwise or
anticlockwise depending in the direction of the magnetic field. A particle restricted to
move in single direction along a line known to be chiral. We say that these electrons
have opposite chirality on the two sides. As a consequences of spatially separate edge
channels, the backscattering is suppressed. The presence of edge states is the ingredient
of the quantum Hall effect in the formalism of Landau-Buttiker picture[35–38].
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Figure 2.4: (a) Circular cyclotron orbits interrupted at the edge of the sample, results
in chiral skipping orbit than bounces along the boundary. (b) Three sets of edge channel
propagating in different direction on opposite edge. (c) The point of intersection of the
n-th LL with the Fermi level forms the site of edge state belonging to the n-th edge
channel.
2.2.2 Shubnikov-de Haas effect
Prior to the discovery of Quantum Hall Effect, it has been understood that transport
study in low-dimensional system under perpendicular magnetic field could provide an
insight to its electronic properties. When 2DEG is subjected to perpendicular magnetic
field, we could observe magnetoresistance oscillation, referred to Shubnikov-de Haas
(SdH) oscillation. The discrete nature of the density of states in 2DEG become observ-
able when the separation of LLs exceed the broadening of levels due to scattering. The












It shows series of magnetic field for which particular LLs pass through the Fermi level
and so depopulate. As the magnetic field is varied, the change in the occupation of LLs
yields to magnetoresistance oscillation.
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Figure 2.5: The Hall bar geometry used to investigate magnetoresistance in two-
dimensional electron systems. Vxx and Vxy are measured by attaching contact pads on
each sides of the Hall bar. L and W is the length and width of the sample, respectively.
2.3 Quantum Hall Effect (QHE)
2.3.1 Classical Hall Effect
In 1879 Edwin Hall observe that in the presence of magnetic field (B) the current is de-
flected thus raise a detectable electric potential difference between opposite side, known
as the Hall Voltage (VH) [39]. The Drude model predicts the longitudinal resistance
(Rxx) should be constant with respect to the magnetic field while the transverse resis-
tance (Rxy or also called the Hall resistance (RH) should proportionally dependent to
the magnetic field. In four-terminal measurement using the Hall bar geometry depicted











where ne is the two dimensional electron density, B is the magnetic field applied perpen-
dicular to the sample, L and W is the length and width of the sample, respectively. This
classical Hall effect can be used as important tool to know the electron sheet density
and electron mobility in our experiment. Figure 2.6 shows the Hall effect is used to
determine electron density and mobility at low temperature.
2.3.2 Interger Quantum Hall Effect (IQHE)
When Hall effect measured in low temperatures in 2DEG, the sinusoidal characteristic
of SdH shows in subsection 2.2.2 becomes distorted and almost vanishes between the
peaks. More remarkable deviation observed in the Hall resistance. Classically, the Hall
resistance should increase linearly with magnetic field. However, the Hall resistance
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(a)













VBG = 2 V
n     = 2.6 x 1015















Rxy = 2.318 B + 0.000971
(b)
Figure 2.6: (a) Hall resistance with field (0 to 0.1 Tesla) is used to determine ns (b)
Longitudinal resistance shows Shubnikov de Hass oscillation. Rxx value at B = 0 is
used to determine µ.
Figure 2.7: (left) The Hall bar geometry and the respective electrical set-up to mea-
sure IQHE. (right) Hall resistance (Rxy) and longitudinal magnetoresistance (Rxx)curve
measured on a 2DES. The Rxx vanishes while The Hall resistance is quantized at
Rxy =
h
ie2 (Adopted from J. Weis and V. Klitzing (2011) [3].)
found to be saturated at certain range of magnetic field and occurs at the same time the
longitudinal resistance almost vanishes. First observed in 1980 by Klaus von Klitzing
[33], the phenomenon now know as the (interger) quantum hall effect (IQHE). The char-






where ν is an integer number corresponds to the number of spin-split Landau levels
occupied at that particular magnetic field.
The dissapearance of longitudinal resistance indicates the suppression of backscattering.
As described in subsection 2.2.1, applying magnetic field to 2DEC result in the formation
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Figure 2.8: Illustration of the description of IQHE in Landauer-Buttiker model. The
edge channels at opposite side propagating in different direction and completely decou-
pled.
of edge channels. All edge channels at particular edge constitute the current flowing in
the same direction and the edge channels with counterpropagating direction are spatially
separated. Forward scattering between edge states propagating in same direction has
zero effect on the total net current as the transmission coefficient remains unaffected,
while scattering between edge states with opposite direction are extremely weak, given
the Fermi level located between two LLs, as the edge state cannot easily scattered over
the distance larger than the magnetic length lB =
√
~
eB . For B = 4T the magnetic
length lB ≈ 10nm, therefore the electron backscattering is strongly suppressed.
Starting from a picture of edge states as ballistic 1D channels, Buttiker described the
main features of QHE. Assume the Fermi level located between two LLs, Nth LL and
(N + 1)th LL and the Hall bar is having perfect transmission. The contacts 2,3,5,6 in
figure 2.8 are configured as voltage probe and draws no electrical current while contacts
1 and 4 are used as source and drain. Using the Landauer formula in equation 2.34, we
















(V6 − V5) = 0 (2.17)
Define current leaving a probe as positive and current entering a probe as negative, we
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(V4 − V3) = −I (2.19)





















The above discussion focused on a situation where the current carried by ballistic edge
state that do not undergo scattering as they propagate. The vanishing longitudinal
resistance and quantized Hall resistance can be explained assuming the Fermi level
located in the gap between two Landau levels. In a more realistic disordered sample
however, the longitudinal resistance do not vanish and has a finite value accompanied
by smooth transition between each Hall resistance plateau. To understand non-zero
longitudinal resistance, it is important to address the sharp δ-function density of states
is broadened. The center of LLs contains extended state that propagate throughout the
sample and the tails are called localized state that localized like a bound state. The
localised state by nature do not contribute to the resistance. In the transition between
LL, the Fermi energy is pinned by these localized state. As we increasing the magnetic
field, at one point the LL lies close to the Fermi level, allowing backscattering between
two-counter propagating edge states thus the longitudinal resistance increases from zero.
2.3.3 Fractional Quantum Hall Effect (FQHE)
A few years after the discovery of IQHE, in 1982 Tsui et al. [26] found more complicated
quantized Hall resistance and vanishing longitudinal resistance at fractional filling factor
– Fractional Quantum Hall Effect (FQHE). Such observation requires a high mobility
wafer (typically more than 106 cm2/V s). As the quality of 2DEG material has improved
over time, more rich structures of FQHE also observed, even with more pronounced
features.
Phenomenologically, the FQHE is very similar to the IQHE. At the same magnetic fields
where RH shows resistance plateaus, the longitudinal resistance Rxx shows minima that
approach zero at sufficiently low temperature. The Hall resistance plateaus occur at
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Figure 2.9: Fractional Quantum Hall Effect observed at high-mobility GaAs/AlGaAs.
The first fraction observed is at ν = 13 and more than 100 fractional QHE have been








where p and s are both interger. The early observation of FQHE has odd denominators,
though rare, a number of follow up experiments reveals the existence of even denominator
FQHE. However, the explanation behind the FQHE quite different from IQHE. IQHE
can be treated within a single-particle picture, while the FQHE must consider a more
complicated many-body state.
The theory of FQHE by Laughlin predicted that the electron can be condensing into
a new collective ground state in which the elementary excitations were fractionally
charged. The many-body ground state wave function in Laughlin’s wave function ex-
plains other FQH state with filling factor ν = 1m (m > 0 is an odd number to ensure the
wave function changes sign when two particle are interchanged). This theory gives us




To have better understanding of FQHE we need to introduce a new quasi particle called
composite fermions. The idea raises from the effort to explain QHE features at ν = 12
as the IQHE of new quasiparticle in which the effective magnetic field Beff vanishes.
In this picture the magnetic field ’eliminated’ by attaching two magnetic flux quanta
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φ0 =
h
e to each electron. The composite fermion incorporate the magnetic field and
eliminates it from the description of quasi particle at ν = 12 . The composite fermions
then experience effective magnetic field
Beff = B −B1/2 (2.23)




(i.e. ν = 1/3 corresponds to νeff = 1). The description of composite
fermion remains valid at higher filling factors 2 ≥ ν ≥ 1
2.4 Quantum Transport in 1D System
A quasi-1D-system can be created by lateral confinement of 2DEG with a width com-
parable to λF . Depending on the comparison between the wire length and the mean
free path, the electrons could experience diffusive or ballistic transport. When the wire
length is larger than the mean free path, we had a diffusive transport where the electrons
suffer many elastic scattering. When the wire length becomes comparable to the mean
free path, the transport is ballistic. In the second case, if both the length and width of
the wire is much less than the mean free path we have a Quantum Point Contact (QPC)
[13, 14, 40–42]. Here the 2DEG constriction is narrow enough that the electron wave
function forms 1D subbands. For ideal nanowire the transport no longer described by
using Einstein’s relation of conductivity. Instead we have to use the Landauer formula
[35, 36].
The Schrödinger equation reads
HΨ = [ p
2
2m∗
+ V (y)]Ψ = EΨ (2.24)
where V (y) is the lateral confinement potential of 2DEG. The wave function then can
be written as
Ψk(x, n) = e
ikxxΦn(y) (2.25)
Motion along the quantum wire can be described by a plane wave. Figure 2.10 shows
1D subbands eigenfunctions of simple harmonic oscillator. For parabolic potential, the
quantized energy levels are equally spaced with energy levels given by
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Figure 2.10: one-dimensional channel connected to left (source) and right (drain) elec-
tron reservoir. The electrochemical potential difference between left and right reservoir
equals to µL-µR = |e|VSD, (b) Disperssion relation in the one dimensional channel. The
gray-striped energy interval given by applied voltage VSD, (c) Electron trajectories in




2m∗ is the single-particle kinetic energy for motion along the longitudinal direc-





Each subband can be treated as an independent 1D system. Each occupied subband





The subband degeneracy for GaAs is n = 2, given by the spin-up and spin-down modes.
For transport, voltage (VSD) is applied accros the channel and chemical potential is then
related by eV = µS − µD. Considering the conductance of ballistic 1D, the current will
be described by











Here we consider the contribution of all transverse subbands. The 1D DOS dNndE and
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where Tn is finite transmission. In a perfectly ballistic system where Tn = 1, the sum-





where N is the number of 1D modes. The conductance plateau shows a step function
corresponding to the occupancy of additional subbands. Since its discovery, there are
numerous experiment reported for 1D ballistic transport, including for a high-quality
GaAs/AlGaAs QPCs.
2.4.1 Ballistic Transport in QPC
The approximation described in section 2.4 is in a sense has no specific form of potential
assumed. The conductance increases in a series of step function in ideal 1D system, in
reality the conductance plateaus are connected by smooth monotonic risers. This gives
us information about the confinement potential in QPC. In QPC the potential varies
smoothly along the length of QPC and can be approximated by saddle point potential
model shown in figure 2.11. The potential assumed to be in the form of









where V0 is the electrostatic potential at the center of saddle point. The saddle point
potential not only provides confinement in the y-direction transverse to the wire axis,
but also raising a potential barrier formed at the saddle minimum along the x-direction
in which the current flows. The saddle point potential evolves as we vary the split gate
bias, the saddle minimum raises and channel width shrinking as split gate bias becomes
more negative.
Here the potential shape plays an important role determining the shape of quantized
conductance plateau (i.e. plateau steps length and riser sharpness) and spacing between
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Figure 2.11: (a)2DEG beneath the split-gate depleted by applying negative split-gate
bias(VSG) (b) The saddle-point potential barrier forms 1D subbands. (Adapted from
Micholich et. al. (2013))[5].
energy levels. When the confinement is symmetric (ωy/ωx = 1) conductance plateaus
are developed and as the ratio increases the plateau becomes flatter and longer.
Taking into account of partially transmitted modes attributed to quantum mechanical
tunneling and reflection, the conduction of a single mode trough the wire will depend
on transmission probability Tm,n [37] given by
Tm,n = δm,n/(1 + e
−πεm) (2.36)
where n refers to incident channel and m is the out going channel. Energy of the
parameter (εn) expressed as
εm =
E − ~ωy(m+ 12)− V0
~ωx
(2.37)
At εn << 0 the transmission probability is exponentially small while at εn >> 0 the
transmission probability is close to 1. The parameter ~ωx then determine the energy in-
terval needed from zero transmission probability to transmission probability close to one
(i.e. how steep the slope is). The conductance is determined by sum of all transmission





2.4.2 Selective population of edge state in QPC
The edge-state picture in subsection 2.2.1 shows quantization arising from the perfect
transmission of carriers from one ideal channel to another. In QPCs, the gate introduces
a potential barrier allowing us to control the number of edge states that are transmitted
through the potential barrier. The tunable potential barrier may be use to selectively
transmit (or reflect) edge states by adjusting the barrier height.
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Figure 2.12: A Hall bar with a barrier across the middle induces by the point contact
transmit only M of the N edge state in the bulk.
Assuming N number of Landau levels are occupied in the bulk of 2DEG and only M edge
state transmitted through the barrier, reflecting (N −M) edge states. For simplicity let
assume there is no tunneling through the potential barrier and no-inter-edge scattering.
The difference within this picture compared to bulk is now the edge state entering probes
























(V6 − (MV5 + (N −M)V2) = 0 (2.44)
Here V1 = V2, V3 = (M/N)V2, V5 = 0, V6 = (1− (M/N))V2.The longitudinal resistance















when one or more edge state reflected (M < N), it will give rise to non-zero longitudinal
resistance. The Hall resistance is










At high magnetic field when the spin degeneracy is lifted, odd- and even- edge channels
has different polarity. We then can exploit the point contact to operate as a spin filter by
transmitting only a single polarity. This concept is then important to realize dynamic
nuclear polarization and detection of resistively detected- NMR in chapter 5.
Chapter 3
Confined GaAs/AlGaAs System:
Fabrication of Quantum Point
Contact
The easiest approach to defining a quasi-1D channel out of a 2D electron gas is by
adding lateral confinement. One of the most popular technique is through fabrication
of split metal gates hovering above the 2DEG, in which we can form a fully controllable
Quantum Point Contact (QPC). QPC fabrication typically is realized by a combination
of high-resolution lithography and physical etching. The technique to fabricate nanoscale
structures continually evolve and develop. This chapter will describe our ’recipe’ to
fabricate a good triple-gate QPCs by using high-mobility and low-mobility GaAs wafer.
The fabrication details are provided for the use of those who might be interested in
employing some of the techniques for their own research.
3.1 Materials: GaAs/AlGaAs Heterostructure
Within the scope of our research, high-mobility and low-mobility GaAs/AlGaAs het-
erostructure grown by Molecular Beam Epitaxy (MBE) method are employed. A 20 nm
wide quantum well hosting 2DEG exists exist at the interface between GaAs and AlGaAs
located 140 nm and 175 nm below the surface for low-mobility and high-mobility wafer,
respectively. Figure 3.1 shows the cross sectional picture of our wafer. The high-mobility
wafer (µ = 14.7 x 105 cm2Vs) supplied by NTT BRL, Japan. While the low-mobility
wafer (µ = 2.8 x 105 cm2Vs) is available commercially from Entelli EPI company.
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Figure 3.1: Cross-sectional illustration of GaAs/AlGaAs heterostructure wafer with
(a) Low-mobility, and (b) High-mobility. The triple-gate grown of top with separation
200 nm between each gates. Details about wafer tabulated on table 3.1
Mainly the GaAs/AlGaAs heterostructure is composed of: GaAs Cap Layer to prevent
oxidation of AlGaAs beneath, δ-doped AlGaAs using silicon doping as electron supply
to the quantum well, and GaAs quantum well. A 20-nm quantum well is located at 175
nm (140 nm) from the surface for high-mobility (low-mobility) wafer.
high-mobility low-mobility
W (nm) 600 600
WC (nm) 200 200
d (nm) 175 140 nm
nS (cm
−2) 1.8 x 1011 1.8 x 1011
µ (105 cm2/Vs) 14.7 2.8
Table 3.1: Details of fabricated triple-gate QPCs using high-mobility and low-mobility
wafer in figure 3.1
3.2 Wafer preparation
The QPCs are created by a series of fabrication processes. In general we start out by
first creating a Hall bar mesa and followed by laying six Ohmic contact pads. Finally,
we deposit nanometer scale surface metal gates to define our QPCs. Each step typically
starts with a defining a desired pattern on a temporary material called resist, followed
by either removing materials beneath the resist or adding new materials on top of the
resist, and finally removing the temporary resist. Combination of these steps in correct
recipe produce a complete QPC.
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Figure 3.2: Fabrication steps using lithography techniques
First, the wafer is cut by a diamond cutter into a 1 cm x 1 cm chip. One batch of
production will generate 16 QPC devices. Prior to cover the chip with resist, we clean
the surface of wafer from organic and inorganic pollutants. The wafer dipped in aceton,
IPA (isopropyl alcohol), and distilled water for 5, 3, and 1 minutes,respectively. The
wafer then is blown dried by N2 gas and put in the thermostat at 110
◦C for 5 minutes.
This cleaning and drying process will be done prior to each fabrication step. Then we
pattern a temporary resist by using photolithography technique, which is practical to
define a pattern with dimension above 1 µm (e.g. for shaping Hall bar shaping and
Ohmic contact), or Electron Beam Lithography which provides a good accuracy for
dimension much lower than 1 µm (i.e. defining the Schottky gate point contact).
3.2.1 Photolithography technique
The photolithography technique employs ultraviolet light coming from mercury lamps
with wavelength λ = 365 nm to make a copy of the Hall bar or Ohmic bar pattern.
After cleaning the chip, we coat the pre-patterned chip with a light sensitive positive
photoresist, S1813G (propylene glycol methyl and ether acetate). We then spin coat
the chip at 4000 rpm for 40 sec to evenly distribute the resist. Though spin coating
distributes the resist evenly at the center region, the surface tension keep the resist at
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the edge of the chip. It is important to fabricate around the center area of the chip.
After spin coating, we pre-bake the chip at 90◦C for 3 minutes to harden the resist.
The photolithography mask with our desired pattern act as a master copy, with opaque
part blocking the UV light and clear parts leaving the chip to be exposed by UV light.
The photomask and the chip are put on the mask aligners and exposed with UV light
for 10 seconds. The UV light increases the solubility of photoresist in developer solution
(diluted alkaline solution 351:H2O=1:5). Dipping the chip on developer solution and
water (40 seconds and 1 minute respectively) will leave us the mold of our desired
pattern.
3.2.2 Electron beam lithography (EBL) technique
Special resist such as PMMA (polymethyl methacrylate) will interact with electron
instead of UV-light. It behaves as positive resist where the chemical bond becomes
weaker by electron impinge and more soluble by washing with developer solution. The
basic principle is the same with photolithography but electron beam operates at a higher
energy of 20 keV. The position of the beam can easily be controlled to hit certain position
with precision down to 30 nm.
The wafer covered by PMMA resist is spun coated and heated at 180◦C for 1 minute to
harden the resist. After drawing the pattern using EBL, we dip in diluted methyl isobutyl
ketone (MIBK):H2O=2:1 at constant temperature 24
◦C for 40 seconds to develop the
pattern and washed by IPA for 30 seconds.
3.3 Hall Bar Shaping
The first step to fabricate QPCs is to shape our wafer to a Hall bar shape. The pho-
tolithography technique is employed to cut the wafer into 30µm wide and 100µm long
Hall bar shape. After the resist molds into the Hall shape, we bake it at 110◦C for 20
minutes, followed by cleaning using Semico 23 and water for 1 minute each.
After creating a Mesa pattern, the next step is to remove the material outside Hall Bar
Mesa by wet etching techniques. We use diluted sulfuric-acid-based solution H2SO4:H2O2:H2O
to etch the opening part in the resist. We etch the GaAs/AlGaAs heterostructure until it
passes the Quantum Well, located 150 nm (180 nm) for our low-mobility (high-mobility)
wafer, to make sure we have 2DEG only inside the Hall bar shape. The etch rate is a
strong function of the solvent temperature, therefore it is important to keep the tem-
perature constant throughout the etching process. We keep the temperature at 11.5◦C
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(etch rate 7-9 nm/sec). To stop the etching process, the wafer is dipped in pure water
for 1 minutes followed by removing the photoresist by IPA and water.
3.4 Ohmic Contact
Six Ohmic contact pads at each end of the Hall bar arm are patterned by using Pho-
tolithography. Establishing good electrical contacts to the 2DEG is a crucial step in
device fabrication. The Ohmic contacts are designed to be wider than the Hall bar
beneath to ensure that the electrical contact to the 2DEG formed from the top and on
the sidewalls of the mesa. To promote better ohmic resistance, we increase the ohmic
contact area by choosing the ragged shape on contact pads. The wafer is then put inside
the electron beam (EB) evaporator chamber in vacuum condition (1 × 10−5 Pa) to de-
posit Ni/AuGe/Ni layers. Ni is deposited by EB evaporator while AuGe is evaporated
by resistance heating.
Figure 3.3: Ohmic contact quality as a function of annealing temperature differ in
different Ni thickness. (Adopted from [6]).
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The first thin layer of Ni (5 nm) deposited prior to conventional AuGe alloy could
improve the stability of the device[6, 43]. The role of a thin Ni layer is to improve
the adhesion between AuGe and GaAs thus improve the uniformity of the contacts
interfaces[43]. About 400 nm of AuGe then deposited on top of the Ni layer and the last
layer of Ni (40 nm) is deposited to prevent oxidation of AuGe. After metal deposition,
we do lift-off process to remove the excess materials. Dipping in aceton liquid for long
time (2 hours or more) will washed off the photoresist and metals on top of it. Before
annealing the contact pads, we clean the wafer with water for 1 minute.
Annealing took place in a pre-heated quartz furnace tube with a clean H2 atmosphere
to prevent oxidation on the surface of the wafer. Annealing process will induce metal
diffusion to the heterostructure. As the ohmic resistance is dependent to annealing
temperature[6, 44], it is important to do annealing at the optimum temperature. In-
creasing annealing temperature with reduce the ohmic resistance, yet at too high tem-
perature the alloyed metals could penetrates passing the 2DEG and risking the leakage
current from back gate. Figure 3.3 shows the relationship between annealing tempera-
ture and Ohmic contact quality at different Ni thickness. We find an optimum annealing
temperature for our sample is at 420◦C for 1 minute by rapid thermal annealing process
(RTA) process (1 minute to increase temperature and 1 minute constant temperature).
3.5 Defining triple-gate QPC structure
To define triple-gate QPCs consisting of a pair of split metal gates and an additional
center gate, we need to define the point contact itself on top of the Hall bar followed by
defining the QPC electrode. This process needs to be done separately. Defining smaller
structure of point contact requires high accuracy. We need to utilize EBL technique
to draw the point contact pattern and photolithography technique to draw the QPC
electrode pattern.
After drawing the pattern on the wafer, we put the wafer inside an electron beam evap-
orating chamber to deposit Ti/Au metal Schottky gate. For QPC (electrode) pattern
the Ti/Au thickness is at 5 nm/20 nm (5 nm/150 nm). After the first evaporation
to define the tripe-gate point contact on top Hall bar, the wafer is dipped in 1165 (1-
methyl-2-pyrrolidinone) liquid remover to lift off excess metals. An additional center
gate deposited in between the split-gates to modify the confinement potential. Figure
3.4 shows additional center-gate is proven to be beneficial to observe a clearer quantized
conductance.
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Figure 3.4: Additional center-gate modifies the confinement potential and improve
the quality of plateaus even in zero bias. (Adopted from [7]).
Figure 3.5: Triple-gate QPC glued on a 16-pins chip carrier. Coil wrapped around
the sample to apply an oscillating adio-frequency magnetic field in the plane of two-
dimensional electron gas for RDNMR purposes.
3.6 Sample bonding
The final step of QPC fabrication is cut each sample and put the sample on a chip
carrier. Please beware that cutting the sample using a scriber could damage the fragile
QPC. To protect the QPC from any damage during the cutting process, we cover the
wafer with photoresist. The resist then could be easily washed off by using acetone.
After cutting 16 samples, each sample then glued on a 16-pins chip carrier by Ag paste
and dried at 120◦C for 60 minutes. The chip carrier is made from an insulator covered
with Au.
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The final step is to connect our sample to the chip carrier by Aluminum wire with 0.001
mm thickness. In total 10 bonding are made to connect Ohmic pads, triple-gate point
contacts, and back gate to the chip carrier. The final result of our fabricated sample is
shown in figure 3.5, with additional coil wrapped around the sample to provide radio-
frequency parallel to the sample.
Chapter 4
Quantum Point Contact (QPC):
Transport characteristic in a
confined 2DEG
Ballistic transport was first observed in 1D devices based on GaAs/AlGaAs n-type
heterostructures. Initial attempts for 2DEG lateral confinement in GaAs based het-
erostructure was done by Thornton in 1986. Negative bias applied to the split gate (SG)
grown on top of heterostructure depleted the carriers underneath and leaving a very
narrow channel undepleted. The most appealing feature of QPCs is the tunability of 1D
channel width with the negative bias applied to the split gate. As the gate bias varied,
the number of channel below the Fermi level is changed as the 1D confinement modified.
We then can see quantized conductance that is intimately related to what is found in
IQHE. The first observation of ballistic conductance quantization in QPC by Van Wees






High-mobility (low-mobility) hall bar-shaped AlGaAs/GaAs/AlGaAs quantum well wafers
are used in this study. A 20-nm quantum well is located at 175 nm (140 nm) from the
surface. The electron mobility is µ = 1.47 x 106 cm2Vs (µ = 2.8x 105 cm2Vs) at ns =
1.8 x 1011 cm−2. The photolithography technique is employed to cut the wafer into a
30-µm wide and 100-µm long hall bar. In this experiment, we use a triple-gate QPC
consisting of a split-gate pair and an additional center-gate patterned by evaporating
5 nm-Ti/20 nm-Au on top of the hall bar. The nominal length of the QPC channel is
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600 nm. The width of the center gate is 200 nm, and the separation between the center
and side gates is also 200 nm. We conduct transport measurements in a dry dilution
refrigerator with an electron temperature of about 100 mK. We monitor the diagonal
conductance using a phase-locked lock-in amplifiers at a frequency of 333 Hz.
Figure 4.1: Schematic of the device mounted on a 100-mK cryostat. The QPC
includes triple Schottky gates consisting of a pair of split-gates and an additional center-
gate. An excitation current IAC = 1 nA is applied for transport measurement.
We apply IAC = 1 nA to measure the conductance profile of the QPC. Negative voltage
is applied to the split gates (VSG) to confine the electron in the quasi one-dimensional
channel, while the bias applied to the center gate (VCG) modifies the shape of the
confinement potential. First we test the transport characteristic of our triple-gate QPC
at zero magnetic field and at the quantum Hall regime. Then we inspect the observability
of conductance plateau at the condition where lowest Landau level alone is occupied by
the electron. We exploit the QPC ability to control the number of edge state propagating
through the QPC, granting that we have νb = 2 and νb = 1. To maintain νb = 2 for any
given magnetic field, higher VBG is required at higher magnetic fields. In our experiment,
we set the inside of the QPC at νqpc by controlling both VCG and VSG.
4.2 Quantized conductance in QPC at zero magnetic field
At zero gate bias VSG = 0 V, we have a 2DEG throughout our Hall bar. Applying
negative bias to the Schottky gate will deplete the 2DEG underneath and form lateral
confinement to the 2DEG. As the gate voltage is ≤ −0.5 V we can observe a sudden
drop in conductance, indicating the 2DEG directly underneath the gate are fully de-
pleted, leaving us a quasi-one dimensional channel of the QPC. The conductance then
associated with the discrete one-dimensional subbands then takes the universal value
2e2
h . The number of plateaus reflects the number of subbands lies below the Fermi level
populated by the electrons and contributing to the current through QPC. As the split
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Figure 4.2: The transport switch from 2D to 1D regime by applying VSG ≤ −0.5
V (see red dashed-line) as the 2DEG directly underneath the gate are fully depleted,
forms a quasi-one dimensional channel of the QPC
gate voltage made more negative and the effective width of the QPC is reduced, the
number of occupied subbands decreases, which we and observe as a stair-like structure.
The number of occupied subbands can be easily changed by controlling the split-gate
bias. As the split-gate bias become more negative, the QPC channel width decrease and
the separation between each subbands is increased. Applying more negative bias to the
split-gate eventually pinches off the QPC as the transverse width of QPC shrinks and
the Fermi level lies beneath the saddle point potential minimum. At low temperatures,
the effect of impurities become pronounced. The potential fluctuation felt by the elec-
trons propagating from the source to drain contact result in an oscillatory structure in
the conductance plateaus.
Aside from the typical pair of split-gate, additional gate (i.e. back-gate or additional
surface gate) modify the transport characteristic of QPCs. Our QPCs an have additional
back-gate to control the 2DEG sheet density and an additional Schottky gate lies in
between the split-gate, called the center-gate. Back-gate mounted on the back side of
2DEG allow us to control the 2DEG sheet density nS . Applying more positive bias to
the back-gate will induce higher 2DEG electron density. Changing the back-gate bias
from VBG = 0 V to VBG = 2 V (ns = 1.451 x 10
11 cm−2 to ns = 2.2 x 10
11 cm−2) will
shifts the pinch-off voltage to more negative value as we need stronger confinement at
higher electron density. The conductance plateau quality also improves as we apply more
positive bias to the VBG. At higher nS we have stronger electron screening potential,
leading to smoother transitions and less scattering events in the channel[45, 46].
The role of the center-gate is to modify the confinement potential in QPCs and eventually
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B    = 0 T
VCG = 0 V
VBG = 0 -- 2 V
Figure 4.3: Quantized conductance at zero magnetic field (at B = 0 T Rxy is infinitely
small hence we pay attention only to longitudinal xx axis) with different back-gate bias.
Higher VBG bias (leftmost) promote higher electron 2DEG sheet density nS and improve
the conductance plateau quality.
minimize the effect of impurity scattering. Careful investigation of the effect of center-
gate by Lee et. al. [7] reveals that the device having additional center-gate, even at
zero bias, have much deeper pinch-off voltage (i.e. more negative VP ). Applying a more
positive (negative) center-gate bias, VCG , at a fixed electron density deepens (shallow)
the confinement potential and increases the separation between the sub-bands, resulting
in a more negative (positive) pinch-off voltage [7]. The increased subbands separa-
tion is accompanied by enhanced local electron density, respectively screening potential
from electrons becomes more effective. Combination of enhanced confinement potential
and screening potential would suppress the impurity scattering thus facilitate ballistic
transport in QPCs. This can be observed as more resolved quantized conductance in
positive-biased center-gate and shifts in the pinch-off voltage.
The effect of impurity and disordered potential are more profound in low-mobility wafer.
We can see in figure 4.4 (right) where the quality of conductance plateau is significantly
deteriorate. As quantized conductance reflects the formation of quasi-1D system, in more
disordered sample (i.e. low-mobility wafer) the broadened 1D density of state demands
higher separation between each subband. It is noteworthy that additional center-gate is
necessary to observe quantized conductance in low-mobility wafer.
4.3 Quantized conductance in the quantum Hall regime
In the QPC, we can easily control the potential shape of the confinement in the saddle
point by changing the bias voltages applied to the gates of the QPC device[13, 37, 47].
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B    = 0 T
VCG = 0 -- 0.3 V





















B    = 0 T
VCG = 0 -- 0.5 V










Figure 4.4: Quantized conductance with different center-gate bias at scan step 0.01
V using high-mobility (left) and low-mobility (right) device. At fixed electron density
the pinch-off voltage shifts to more negative VSG indicate the confinement potential
modified by the positive VCG. Broader DOS profile of low-mobility device (right figure)
demands positive VCG to see clear plateau.
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For example, the position of the IQHE conductance plateau can be controlled in the
QPC, under a perpendicular magnetic field. Most noticeable effect of B is the reduction
of number of plateau at a given split-gate bias. The number of occupied levels (N)
can be controlled by modulating the channel width or depopulate the subbands by
applying external magnetic field. Electrostatic confinement in QPC which assumed to
be harmonic will be modified by the magnetic field and formed magnetoelectric 1D









0 and ωC is the cyclotron frequency ωC =
eB
m∗ .
At low magnetic field where ωc << ω0, the number of populated subbands N remains
the same as zero magnetic field. Consequently increasing B, when ωc approaches ω0, will
increase the subbands separation and successively depopulate the higher energy levels,
referred as magnetic depopulation of subbands[14, 48]. Wider subbands separation is
manifested in longer conductance plateau. It is noteworthy that in the same magnetic
field (for example see purple line in figure 4.5), the conductance plateau becomes shorter
and shorter as the subbands index lowered. Lower subbands index observed at more
negative split-gate voltage, here the channel width become narrower and the plateau
length mostly determined by the electrical confinement [16].
Compared to the plateau at B = 0 T, the quality of conductance plateaus are improved
(for example see black line and green line at figure 4.5). Electron backscattering is sup-
pressed in the presence of magnetic field This can be understood within a picture of
classical skipping orbit. The electron moves in circular trajectories with constant angu-
lar frequency. When the lB =
√
~/eB become smaller compared to the channel width,
scattering accross constriction become improbable thus reduces geometrical backscat-
tering caused by finite width of the point contacts. Figure 4.6 shows the illustration of
electron backscattering suppressed with smaller lB (i.e. higher B).
In zero magnetic field, the conductance steps are quantized in the units of 2e
2
h . with
factor 2 corresponds to spin degeneracy. When subjected to a high magnetic field, the




Where g∗ is the effective g factor, µB is the Bohr magneton, and B is the magnitude of
applied magnetic field. The up-spin and down-spin states now have a clear distinction
constitute separate modes in conduction. When we apply sufficiently high magnetic
field, the even integer quantized conductance steps now split into a half-integer plateau
Chapter 4 Quantum Point Contact (QPC): Transport characteristic in a confined
2DEG 35







 B = 0 T
 B = 0.5 T
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Figure 4.5: Diagonal conductance (GD) as a function of VSG measured at several
perpendicular magnetic fields. The quality of the conductance plateau improves in the
presence of B. At sufficient B spin degeneracy lifted by Zeeman energy indicated by
the observation of half conductance plateau at e
2
h
Figure 4.6: Illustration of backscattering suppression by magnetic field. (a) electron
trajectories in weak magnetic field, electron experience geometrical backscattering near
the constriction. (b) electron trajectories in high magnetic field, electron backscattering
suppressed as cyclotron radii smaller than the geometrical width.
in the unit of e
2
h . Increasing the magnetic field results in higher separation between the
up-spin and down-spin channels. As the Zeeman separation becomes more notable in
proportional with B, a longer and more pronounced half integer plateau of νqpc = 1 can
be observed.
4.3.1 Quantized conductance at LLL
Figure 4.7 a (b) shows the quantized conductance plateau where only LLL is occupied
using high-mobility (low-mobility) wafer. To maintain νb = 2 for any given magnetic
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Figure 4.7: Conductance profile at LLL alone occupied using high-mobility (a) and
low-mobility device as a function of the split-gate voltage at various magnetic fields.
VBG adjusted to set νb = 2 and VCG adjusted to set νqpc = 1 plateau is centered
around the sameVSG. The white circle (cross mark) denotes the point of successful
(failed) RDNMR detection.
field, higher electron density is required at higher magnetic fields. At B = 1.25 T (3 T),
νb = 2 corresponds to ns = 6.045 x 10
10 cm−2 (ns = 1.451 x 10
11 cm−2). Therefore,
VBG is tuned to νb = 2 for a given magnetic field. The VSG pinch-off voltage becomes
more negative at a higher magnetic field due to the higher electron density as expected.
We adjust VCG such that the plateau is centered around the same VSG value for all the
magnetic fields. This retains the RDNMR detection point around the same VSG. For
example, VCG = −0.2 V is applied at B = 3 T and VCG = −0.1 V is applied at B =
1.25 T. Although the plateau appears in the same VSG range, other noticeable effects of
the magnetic field such the quality of the νqpc = 1 conductance plateau can be observed.
The magnetic field (B) changes the separation energy between the sub-bands and lifts
the spin degeneracy due to Zeeman energy (EZ = g
∗µBB). As the Zeeman separation
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becomes more notable in proportional with B, a longer and more pronounced νqpc = 1
plateau can be observed. Using a high-mobility device, we observe the νqpc = 1 plateau
down to B = 1.25 T, whereas with a low-mobility device the νqpc = 1 plateau becomes
imperceptible at B = 3 T.
Figure 4.8: Illustration of broadened DOS in high-mobility (low-mobility) device.
Low-mobility device with droader DOS profile demands higher magnetic field to sepa-
rate two LLs (id est. clear conductance plateau)
It is natural that our low-mobility device has significantly higher magnetic field limit to
observe clear plateaus, given by its density of state profile. A well-defined conductance
plateaus indicate a clear separation between LLs. In ideal system where electron never
scattered, the density of states of 1D system compromise of sharp δ-function. However
in our disordered system, we have to consider the non zero width of quasi-1D DOS. Low-
mobility device with broader DOS profile, accounted for higher impurity concentration,
which demand for higher magnetic field to clearly separate both energetically and spa-
tially between the two different spin states. The clear separation between LLs (i.e clear
conductance plateaus) gives us insight about the possibility of resistively-detected NMR
detection and the condition limits its observability.
4.4 Summary
We demonstrate the effect of additional center-gate in the observability of quantized
conductance plateau in both high-mobility and low-mobility device. Center-gate bias
would modify the confinement potential, resulting in deeper (shallower) constriction in
positive (negative) VCG. Applying positive VCG significantly improves the subbands
separations and enhanced the local electron density, allowing the observation of conduc-
tance plateau even in low-mobility device. At higher magnetic field, the half-interger
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plateau can be observed as the spin degeneracy lifted by the zeeman energy. Magnetic
field helps us accessing the condition where LLL alone is occupied by electrons, hence
only 2 conductance plateaus are observed (νb = 2 and νqpc = 1). Within this framework,
we have higher electron density at higher magnetic field. Here the conductance plateau
become forfeited as the magnetic field decreases. We manage to observe clear conduc-
tance plateau down to B = 1.25 T (B =3 T) at high-mobility (low-mobility) device,




NMR is a powerful spectroscopic tool and widely used in physics studies. However, the
sensitivity of conventional detection technique which relies on Faraday induction scales
with material dimensionality and thus inapplicable to nanostructures (i.e. GaAs/Al-
GaAs semiconductor heterostructure has less than 1015 nuclear spins, a quantum dot
has 106-106 nuclear spins, and a single carbon nanotube has as low as 103 nuclear spins).
To overcome the limitations of the standard NMR, a more susceptible technique namely
the resistively-detected NMR (RDNMR) has been developed[11, 17]. RDNMR works
by utilizing the interaction between the conductive electron and the surrounding nuclei.
Small magnetization of 2DES embedded in GaAs has been measured by combining tech-
niques of current-induced nuclear spin polarization and resistance detection of nuclear
magnetic resonance signals. Here we exploit the technique to detect a small ensemble of
nuclear spins of as low as 107 spins (compared to ≥ 1011/nm3 in conventional NMR) in
our GaAs based QPC.
In this chapter we will explain the basic understanding of the spin scattering mechanism
in QPC and the RDNMR detection technique. QPC can be exploited as a spin filter
by locally control the saddle potential shape and manipulate the dynamic nuclear spin
polarization (and its detection) in the narrow channel, allowing us to study the polar-
ization of nuclear spins inside the constriction[15, 16]. Nonzero nuclear spin polarization
and its resistive detection allow the observation of RDNMR in semiconductor quantum
systems, particularly in those based on GaAs. The interaction between the electron and
nuclear spins (hyperfine interaction) leads to a change in the conductance, and the high-
sensitivity enables RDNMR measurement in a single quantum well[11, 49–51] unveiling
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many interesting phenomena in two-dimensional systems [52–55]. RDNMR studies have
been extended to one-dimensional systems and/or QPCs [8, 17–19].
5.1 Nuclear Magnetic Resonance (NMR)
Since the first detection of nuclear magnetic resonance by Bloch and Purcell in the
1940s, NMR has emerged as one of the most widely used spectroscopy tools. NMR
could provide important information on spin and vortex dynamics. Two magnetic fields
are needed for NMR detection: a static magnetic field to generate Zeeman splitting
and the other AC magnetic field (usually by applying radio-frequency (RF)) to check
the transition. The nuclei could absorb RF with a frequency specific to the Zeeman
energy separation of the nuclei. The nuclei described as being in resonance when this
absorption occurs. Nuclear magnetic resonance is not just a bulk effect, the dynamics
of its detection is dictated by quantum mechanics.
In the presence of magnetic field nuclei with non-zero spins will polarized parallel to the
magnetic field. The interaction between the nuclear spin and the field can be written as
Hn = −µnB (5.1)
where µn is the nuclear magnetic moment determined by the gyromagnetic ratio and
the total angular momentum
µn = γnI (5.2)
The angular momentum of nuclei is associated with its spin. The gyromagnetic ratio
value (γ) is known for almost all non-zero spin nuclear systems including the three
nuclear isotopes of GaAs: 71Ga, 69Ga, and 75As. When external magnetic field B
applied at z direction the Zeeman interaction Hamiltonian will become
Hn = −γnIzBz (5.3)
and the eigenvalue can be written as
Ezn = −γnzBz (5.4)
where mz is the azimuthal quantum number. Since the mz is quantized to value −I,−I+
1,..., I, the Zeeman energy will also be quantized in units of ~m. The energy separation
between each state is given as
∆zn = γn~B = ωL~ (5.5)
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Figure 5.1: (a) An example for spin 3/2. (b) Precession of the magnetisation vector
in a static magnetic field aligned along the z-axis.
The concept of NMR is based on the precession of the spin magnetization around the
magnetic field at the nucleus. As a spin is placed in a magnetic field it begins to
exhibit precessional motion. The precession frequency also called the Larmor frequency
(ωL), increases with the strength of the magnetic field B. Perturbation of nuclear spin
orientation occurs when the excitation magnetic field with frequency coincides with its
Larmor frequency is applied to the system. It will induce nuclear spin transition from a
lower energy state (m = +12) to a higher energy state (m = −
1
2). In conventional NMR,
the detection relies on the Faraday induction by pickup coils. Even by current technology,
conventional NMR remains limited to the detection of a bulk system containing more
than 1016 nuclear spins with almost no hope of application to the low dimensional system.
5.2 Resistively-detected NMR
One approach to tackling the low-spin problem in a low-dimensional system is by ex-
ploiting the strong hyperfine interaction between electron-spin and nuclear spin through
a technique called resistively-detected NMR. Electrical detection of NMR of GaAs/Al-
GaAs heterostructure first demonstrated by Dobers et. al. [8] in 1988. A small change
in magnetoresistivity (ρxx) observed when radio-frequency radiation coincides with the
resonance frequency of 75 As. This new technique does not rely on the number of nuclei,
but rather on the hyperfine interaction between electron-spin and nuclear spin.
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Figure 5.2: First evidence of electrically detected NMR signal by Dobers et. al. [8].
Assuming all fields are in the z-direction perpendicular to the electron transport, the
hyperfine interaction is governed by
HHF = AI · S =
A
2
[I+S− + I−S+] +AIZSZ (5.6)
where 〈IZ〉 represents average nuclear spin polarization, SZ is the projection of electron




(geµB)(gnµn) | ψ(0) |2 (5.7)
where | ψ(0) |2 is the probability finding the electron at the nuclear site. The first
term in equation 5.6 is the spin flip-flop scattering which is important to induce nuclear
spin polarization through the dynamic nuclear spin polarization (DNP) process and the
second term is the hyperfine interaction. In the presence of magnetic field B, Zeeman
energy is given by
EZ = g
∗µBBSZ (5.8)
where µB is the Bohr magneton (µB =
e~
2me
), SZ is the electron spin projection in the
z-direction and g∗ is the effective g-factor. In GaAs, the effective g-factor is affected by
the spin-orbit interaction and becomes negative (g∗ = −0.44). Modifying the nuclear
spin polarization by applying small resonant radio-frequency field modifies the electron
Zeeman energy by
EZ = g
∗µBBSZ +A〈IZ〉Sz = g∗µB(B +BN )SZ (5.9)
BN = A〈IZ〉/g∗µB is a local magnetic field acts on electrons in the presence of non-zero
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nuclear spin polarization. If the nuclear spin in bulk is fully polarized, the local magnetic
field BN would excessively large ∼ 5.3 T. At ultra-low experiment setup (T ≈ 10 mK)
at B = 10 T, the thermal nuclear spin polarization is approximately about 6 %.
In resistively-detected NMR, applying radio-frequency will saturate the nuclear mag-
netization by depolarizing the nuclear spin and reducing BN (i.e. modify the Zeeman
energy). A small change in Zeeman energy could provoke modulation in transport prop-
erties and promote distinguishable change in the resistance (conductance).
Figure 5.3: Schematic sequence for the (a) Continuous-wave (CW) experiment and
(b) pump-probe experiment.
There are two experimental methods for the electrical detection of NMR: continuous-
wave (CW) method and pulsed (pump-and probe) method. The schematic sequence
for both methods depicts in figure 5.3. In the CW method, the resistance is moni-
tored through a four-terminal measurement probe using a dc-lock in technique while
the frequency of radio-frequency is slowly swept near the resonance frequency. In the
pump-and-probe method, the nuclear spin ”pump” at the off-resonant frequency and
then probed at a frequency of interest. While the second method can be extended to
study the Knight shift and nuclear spin-lattice relaxation time T1, the CW method is
much simpler. In principle, this electrical detection of the NMR signal is possible for a
lower-dimensional system as long as it has the Hyperfine field and could be contacted
electrically, including in our triple-gate QPC structure.
5.2.1 RDNMR detection in QPCs
The resistively-detected NMR in QPC works by exploiting the QPC ability to act as
a spin filter. When subjected to a perpendicular magnetic field, the neighboring edge
state has a different polarity. Applying a bias current higher than the critical current
of the IQHE breakdown excites electrons to the upper LLs accompanied by an electron
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spin-flip. When the electrons in the up-spin channel are scattered to the down-spin chan-
nel, they can transfer their polarization to the nuclear spins (flip-flop process) through
hyperfine interaction and build positive nuclear polarization [9, 15, 56]. Near the QPC
constriction, the two edge state propagating in the opposite direction are spatially closer
to each other, promoting the spin flip-flop interaction. By using this current-induce dy-
namic nuclear spin polarization (DNP) we could build positive nuclear spin polarization.
For this purpose, we apply 10-nA AC current at the off-resonance frequency for 1000 s.
Figure 5.4: DNP mechanism illustration. red (blue) lines represent up-spin (down-
spin) channel while green dots represent host nuclei. (a) at νbulk=2 split gates tuned to
transmit only single spin channel, (b) carrier spin flips and nuclear spin flops building
up nuclear spin polarization, (c) after some time the system reach steady-state which
detected as diagonal resistance saturation; the nuclei randomized by sweep rf near the
larmor frequency detected as resistance change. (Adopted from Keane et. al. (2011)[9]
Non-zero nuclear-spin polarization will modify the potential barrier feels by the transport
electron as depicted in figure 5.5. In GaAs, the nuclear spin polarization acts opposite
to the applied magnetic field owing to the negative g-factor of the conduction bands
(g∗ ≈ −0.44). In the presence of a positive nuclear polarization (positive indicates
that the nuclear polarization is parallel to the external magnetic field, B), the Zeeman
separation decreases to E′Z = g
∗µB(B + BN ) by the Overhauser shift (see the dashed
lines). After DNP, then the nuclear spin depolarized by sweeping radio frequency (RF)
near the Larmor frequency of 75As at a sweep rate of 100 Hz/s. Depolarizing the nuclear-
spin will revert the potential barrier to its original position prior to DNP. Depends on
the experiment setup, the RDNMR signal can be observed as a conductance peak or dip.
It is possible to detect RDNMR at all three active isotopes (75As, 69Ga, and 71Ga) in
GaAs. Here we limit the RDNMR detection of 75As with the highest natural abundance.
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75As 69Ga 71Ga
Natural Abundance (%) 100 60.4 39.6
I 3/2 3/2 3/2
A(∗) (µeV) 46 38 49
ωL
(∗∗) (MHz/T) 7.29 10.22 12.98
Table 5.1: Natural abundance, Nuclear spin, Hyperfine coupling constant, and Larmor



















Figure 5.5: Potential barrier sensed by the conduction electrons (a) in zero nuclear























B = 2.5 T 
qpc < 1
B = 2.5 T 
qpc > 1
Figure 5.6: RDNMR signal of 75As measured at νqpc < 1 (upper) and νqpc < 1
(lower). IZ > 0 acts in different manner to the up-spin and down-spin channel, hence
conductance peak (dip) observed at νqpc < 1 (IZ > 0)
5.2.1.1 RDNMR detection at 〈IZ〉 > 0
The RDNMR detection mechanism is depicted in the inset of figure 5.5(b). The potential
barrier sensed by the up-spin and down-spin electrons is separated by the Zeeman energy
EZ (see solid lines). In the presence of positive nuclear polarization (positive indicates
that the nuclear polarization is parallel to the external magnetic field, B), the Zeeman
separation decreases to E′Z = g
∗µB(B + BN ) with respect to the Overhauser shift (see
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the dashed lines). It is noteworthy that BN becomes negative, in the case of positive
nuclear polarization.
At νqpc < 1, the up-spin electrons alone pass through the channel, whereas the down-spin
ones are completely blocked. Therefore, the barrier for the up-spin electrons determines
the QPC conductance. At νqpc > 1 the down-spin channel could partially transmitted
and contributes to the transport trough the QPC. Here the BN affects the down-spin
channel in a different manner to the up-spin channel. The electron in the down-spin
channel sensed the potential barier decreases in the presence of nuclear spin polarization.
As the conductance through the QPC is sensitive to small changes in the barrier, nuclear
polarization can be sensitively detected by determining the QPC conductance. Further
discussion will be focused on the RDNMR detection at νqpc < 1 where we have only
single spin passing through the QPC.
After the DNP process, sweeping the RF-magnetic field[50] depolarizes the nuclear spin
and the potential barrier reverts to its original value separated by EZ . The up-spin
electrons sense a decrease in the potential barrier, and the transmission increases [15, 16].
Consequently, we detect the conductance peaks in the Gd trace. In contrary, at νqpc > 1
the potential barrier feels by down-spin channel increases when we depolarize the nuclear
spin. Figure 5.6 shows the RDNMR signal detected at νqpc < 1 (upper figure) and
νqpc > 1 (lower figure) reflecting the effect of positive nuclear spin polarization to up-






We report a resistively detected nuclear magnetic resonance (RDNMR) measurement in a
GaAs-based quantum point contact in the quantum Hall breakdown regime. We focus on
the detection of the 75As RDNMR signal at different perpendicular magnetic fields in the
presence of electrons occupying the lowest Landau level. We confirm successful RDNMR
detection down to B = 1.25 T (B = 3.5 T) using a high-mobility (low-mobility) device.
All the RDNMR signals exhibit a threefold spectra attributed to electric quadrupole
interaction. We find that the separation between the central transition and its satellite,
∆f ≈ 20 kHz, remains unaffected by magnetic-field variation. Interestingly, the central
NMR linewidths vary with the field strength. Above B = 3 T, the linewidth tends to
saturate around 13 kHz. Below B = 3 T, the linewidth decreases in proportion with
field and approach a lower limit of 1 kHz corresponding to the GaAs nuclear dipole
interaction as the field decreases to B = 1.25 T.
Although the effect of dynamic nuclear spin polarization on QPC transport has been
well established, there is no direct experimental study on the limitations of RDNMR
detection. After understanding the spin scattering manipulation we will describe the
comparison between RDNMR detected in high-mobility and low-mobility devices, and
how the central transition linewidth, which supposedly reflect the electronic distribution
in the point contact, evolve with fields. Thanks to a large quadrupole splitting, the
central NMR linewidth is free from strain-induced linewidth broadening. The linewidth
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solely depends on nuclear dipolar coupling and electron distribution. While the former
is field-independent, the latter is thought to depend on the field, a manifestation of
electron-electron interaction in the system.
6.1 Measurement setup
In this study, we first systematically test the condition limiting the observability of the
RDNMR signal, under the simplest possible condition in which only the lowest LL (N
= 0) is occupied. The electron density in a quantum well is adjusted by appyling the
back-gate bias (VBG) to maintain this condition for all the given magnetic fields. We
decrease the magnetic field and observe the changes in the RDNMR signal. By doing
so, we can track the evolution of RDNMR spectra from high to the lowest possible
magnetic field. High-mobility (low-mobility) hall bar-shaped AlGaAs/GaAs/AlGaAs
quantum well wafers are used in this study. The electron mobility is µ = 1.47 x 106
cm2Vs (µ = 2.8x 105 cm2Vs) at ns = 1.8 x 10
11 cm−2.
A coil wrapped around the sample provides an RF magnetic field parallel to the sample,
for NMR measurements. RDNMR measurements setup is similar to transport measure-
ment setup in section 6.1. Here, we control the outside/bulk filling factor (νb) and the
inside/QPC filling factor (νqpc) under the simplest combination (νb, νqpc) = (2,1), which
is the contribution of the LLL (Lowest Landau Level) alone. We monitor the diagonal
conductance (GD) using a Lakeshore 370 AC resistance bridge.
Prior to RDNMR detection, the nuclear spin is polarized via current induced-dynamic
nuclear polarization (DNP) process by applying 10 nA AC-current for 1000 s. The slowly
evolving diagonal conductance Gd over time is evidence of the DNP process[19]. The
time trace of DNP process in figure 6.1 shows saturation after a few hundres seconds,
indicating the nuclear spin in the constriction is fully polarized. The time scale of the
nuclear spin polarization is in good agreement with previous reports on GaAs devices[11,
49, 57]. Then the nuclear spin depolarized by sweeping radio frequency (RF) near the
Larmor frequency of 75As at a sweep rate of 100 Hz/s.
6.2 Magnetic field dependence of RDNMR signal
As the RDNMR signal shape and strength are sensitive to the detection point[15, 58–
60], we carefully select the RDNMR detection point at around the same value of νqpc
< 1, denoted by the white circles in figure 4.7. RDNMR signals detected at several
B are summarized for both high- and low-mobility devices in figure 6.2(a) and (b)
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Figure 6.1: Diagonal resistance trace throughout the current-induced dynamic nu-
clear polarization (DNP) process prior to RDNMR detection. The inset shows the
potential barrier sensed by the conduction electrons, which is modified by nuclear spin
polarization.
respectively. The frequency of the RDNMR signal varies linearly with respect to the
applied magnetic field, plotted in figure 6.2 (c), confirming that all the signals are at
the Larmor frequency of 75As (ωL = 7.27/T ). The Larmor frequency is slightly smaller
than the Larmor frequency of 75As (ωL = 7.29/T ) attributed a finite Knight shift rise
by the electron spin polarization in the point contact and a small zero field offset in the
superconducting magnet [16]. We detect the RDNMR signal down to B = 1.25 T (B =
3.5 T) using a high-mobility (low-mobility) device. The signal-to-noise ratio (SNR) is
forfeited as B decreases.
The RDNMR signal strength is proportional to the degree of nuclear spin polarization,
which is enhanced by electron scattering between different-spin edge channels in the
IQHE breakdown regime. Here, we can observe that the amplitude of the RDNMR signal
decreases when the applied magnetic field is reduced. This decrease in the magnetic field
renders the separation between the up-spin and down-spin channels ambiguous, thereby
reducing the spin-flip scattering probability and incorporating a smaller number of spin
in the RDNMR detection process. This will interfere with DNP and RDNMR detection
as both mechanism relies on the spin-flip scattering. It is noteworthy that the successful
detection of the RDNMR signal coincides well with the clear observation of the νqpc =
1 plateau. However, it is not solely dependent on the Zeeman-splitting separation. The
limitation of the Ohmic contacts also plays an important role in delimiting the RDNMR
observability in our experiment. The electron density is lesser, when the magnetic field
is decreased by reducing VBG = 0.8 V (B = 3 T) to VBG = −0.9 V (B = 1.25 T)




































































Figure 6.2: (a) and (b) respectively indicate RDNMR signals of the high-mobility and
low-mobility devices measured at νqpc < 1 with magnetic-field variation. The strain
around the QPC structure increases the quadrupolar fields, resulting in a threefold
degeneracy spectra for all the RDNMR signals. (c) The frequency of RDNMR varies
linearly with respect to B, with measured slope about 7.27 MHz/T. Red line is the
linear fit to the data extrapolated to zero field.
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Figure 6.3: Energy diagram of an I = 32 nuclear spin system in the presence of
external magnetic fields (left), quadrupole fields (middle), and Knight fields (right).
for tuning νb = 2. At this point, the electron density is close to the lowest density to
obtain good Ohmic contacts and reliable transport characteristics. It is difficult to make
electron density, i.e. magnetic field, further lower.
The 75As nuclear spin has a spin number I = 32 , and the magnetic quantum number






2〉, providing four different energy
states as illustrated in figure 6.3. All nuclear state with spin number I > 12 have
non-spherical charge distribution and a non-zero electric quadrupole moment (Q). This
quadrupole moment can interact with electric field gradient (EFG) induced by strain
and shifts the energy-levels separation. In the absence of electric field gradient, all the
four states are equidistant in energy (~ωZ), and present a single NMR signal for any
∆m = ±1 transition as indicated by the leftmost energy level diagram in figure 6.3.
In the presence of additional quadrupole interaction, without considering the multiple
photon process[61], this single peak spectrally split into three different peaks[50, 55] with
the energy separation modified by ±δ as illustrated by the middle energy-level diagram
in figure 6.3. In a perfectly parabolic potential in which the electric field gradient is
uniform, it only splits the resonance without introducing additional broadening. The
first, second, and third peaks correspond to (| − 1/2〉 ↔ |− 3/2〉), (|+ 1/2〉 ↔ |− 1/2〉),
and (|+3/2〉 ↔ |+1/2〉), respectively. The first and third peaks are attributed to satellite
transitions (STs) in which the spectral position is modified by quadrupole interaction
(δ), whereas the second peak is attributed to the central transition (CT) that is not
modified by an electric field gradient. The rightmost energy level diagram in figure 6.3
depict the shifts in energy levels and resonance frequency due to the Knight shifts (K).
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The presence of electron spin polarization changes the effective magnetic field felt by
the nuclear spin. Since the electron density is spatially distributed, the Knight shift
felt by the nuclear spin would vary in space and can be observed as an inhomogeneous
broadening in the resonance peaks.
All the RDNMR signals in figures 6.2(a,b) show threefold spectra with a separation
of ∆f ≈ 20 kHz between the central and satellite transitions. Quadrupole splitting is
enhanced due to the strain between the Schottky gate and GaAs wafer. The different
thermal shrinkages between the GaAs and metal gates enhance the electric-field-gradient
(EFG) and induced quadrupole splitting, when cooled down to 300 mK. The strain field
changes laterally along the quantum well[62]; it has a minimum value right below the
center gate, becoming maximum half-way between the center and split metal gate. In
this experiment, we apply a negative voltage to the center gate for distributing the
electrons in a wide range in space; hence, it is reasonable for the broad ST peak to be
separated by approximately 20 KHz from the CT. Our result demonstrates that ∆f is
independent of B, suggesting that the electron channel is located at almost the same
position for all B. In addition, this result indicates that our control of VCG and VSG
maintains the same QPC channel condition, supporting successful RDNMR.




















Figure 6.4: Integrated area under the NMR curve for each transition. In the presence
of small nuclear spin polarization, each state are populated linearly.
In figures 6.2 (a,b) another feature of the RD-NMR signal can be observed. All the RD-
NMR signals exhibit broadening. Lowering the magnetic field causes abrupt changes in
the diagonal resistance trace, resulting in sharper RDNMR signals. Though the central
transition shows the highest intensity, the integrated area under each transition shows
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its comparable with its satellite transitions. In the presence of small polarization within
the constriction, each state populated linearly. The integrated area of each transition
peaks is summarized in figure 6.4.
Figure 6.5(a) shows a representative Gaussian fitting of the RDNMR signal at B = 1.25
T obtained using a high-mobility device. For first-order quadrupole interaction, where
the quadrupole energy is considerably much smaller than the nuclear Zeeman energy
as in this case, the ST linewidth broadening alone is affected, whereas the CT remains
unaffected. Thus, to avoid complications, we analyze the FWHM of the CT of both
devices, and the results are shown in Figure 6.5(b); the red (black) dots indicate the
FWHM of the high-mobility (low-mobility) device. The FWHM increases from 4 kHz
to 13 kHz on increasing the magnetic field from 1.25 T to 7 T with clear saturation
in the high-field regime. The FWHM is saturated at 13 kHz, on further increasing the
magnetic field.
Several factors affect the broadening of the RDNMR signal, namely, dipolar interaction[10,
11], quadrupolar interaction[11, 55, 57], and Knight shifts[19, 53, 63–66]. The broadening
due to direct dipolar coupling (≈ 1 kHz) is field-independent, whereas the CT is unaf-
fected by quadrupolar interaction. As both interactions are unaffected by B variation,
the other interactions should be considered. In nonzero electron spin polarization, the
Knight shifts modify the effective Zeeman separation between each state. The Knight
shift is proportional to the electron density
(
K ∝ (n↑− n↓)
)
, which in our case is tuned
over the B variation. We can expect the FWHM to increase in proportion with B, when
the spatial distribution is maintained constant for the electron channel in the QPC. Af-
ter changing B, we always tune νb = 2 using the backgate voltage. Therefore, to better
understand the effect of the bias applied to the back-gate, we calculate the out-of-plane
electron density distribution in the quantum well using the 1D self-consistent Poisson
and Schrodinger equations[67]. The result at VBG = 2.6 V (0.6 V), which corresponds to
the VBG applied at B = 4 T (B = 2.5T), is summarized in figure 6.5(c). The out-of-plane
electron density varies slowly with VBG (i.e. the magnetic field); however, this change is
very small to explain the FWHM saturation by the variation in the out-of-plane electron
density profile. We might need to consider the in-plane electron density distribution to
describe the saturation of the FWHM at 13 kHz.
One possible explanation is that the effect of Coulomb interaction compromises the
effect of the Knight-shifts. Direct Coulomb interaction between electrons is generally
characterized by VC ∝ e2/εlB. Here, e is the elementary charge, ε is the dielectric
constant, and lB =
√
~/eB is the magnetic length. Therefore, the interaction strength
scales linearly with the square root of the magnetic field,
√
B. The electrons are expected
to spread-out spatially with the increase in the field to minimize Coulomb interaction.
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Figure 6.5: (a) Representative Gaussian fitting (dashed lines) of the RDNMR sig-
nal detected at B = 1.25 T using a high-mobility device. Gaussian fitting is used
to obtain the FWHM of the central transition. (b) FWHM of the central transition
plotted as a function of B. The black dots (red-dots) denote the FWHM of the high-
mobility (low-mobility) device. The FWHM is dependent on the magnetic field, and
approaches a lower limit of 1 kHz (blue dashed lines) corresponding to the nuclear
dipole interaction[10, 11]. (c) Self-consistent calculation of the conduction band-edge
energy and electron density profile along the growth direction, highlighted around the
quantum well, for two different back-gate bias values.
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A recent theory demonstrates that a confined one-dimensional channel changes its shape
depending on the magnetic field [68]. It is almost the same without the magnetic field in
a low B region, but changes at a high field, reflecting incompressible and compressible
stripe characteristics in the IQHE. The transition is expected at a B-field where lB is
close to the channel width. Although lB of approximately 13 nm at 4 T appears smaller
than the expected channel width, such a scenario might contribute to FWHM saturation.
Further experimental and theoretical studies are needed to clarify this point.
6.3 Summary
We detect RDNMR signals under a simplest combination of (νb, νqpc) = (2,1) down
to B = 1.25 T (B = 3.5 T) using a high-mobility (low-mobility) device. The RD-
NMR amplitude decreases significantly on decreasing the magnetic field. We can deduct
the RDNMR observability based on the quality of the νqpc = 1 conductance plateau.
The RDNMR signal is harder to detect when the νqpc = 1 conductance plateau is less
pronounced because it reflects the clear separation between the up-spin and down-spin
channels. All our RDNMR signals exhibit threefold degeneracy spectra and separation
between each peak of ∆f ≈ 20 kHz. The splitting is enhanced due to EFG induced-
quadrupole interaction, which is independent of the field. On the contrary, the linewidth
of the RDNMR signal is dependent on the magnetic field. FWHM analysis reveals that
the linewidth broadening is proportional to the magnetic field in a low-field regime re-
flecting the contribution of the Knight-shifts, and saturation at higher fields suggesting
the contribution of Coulomb interaction.
Chapter 7
RDNMR in higher Landau level
The study on quantum hall effect are mostly carried at the lowest Landau level. Obtain-
ing such condition usually demands a high magnetic field in the order of a few Tesla to
fully lift the spin degeneracy. The cost of fully lifting the spin degeneracy is interesting
phenomenon detected in lower magnetic field such as the ”0.7 anomaly”, a shoulder like
structure at around 0.7× 2e2h [19, 21–25], is no longer observable. Early reports on NMR
in point contact [19] shows the 0.7 structure observed in lower in-plane magnetic field
does not arise from the bound state formation. Though it is not clear if the conclusion
remains the same if the spin is degenerate.
In previous chapter we demonstrate by using our high-mobility device operating at LLL,
a minimum B = 1.25 T is required. To push the detection limit of NMR in a quantum
point contact so that it satisfies the condition where the spin degeneracy of the first 1D
subband is unlifted. Here we demonstrate the local generation and detection of nuclear
spin polarization operating at up to the fifth LL. Through all experiments we apply
split-gate bias to set νbulk, νqpc = even, odd number at constant bulk density. Through
this approach we manage to push the detection limit down to B = 0.98 T (νbulk, νqpc =
10, 9).
7.1 Measurement setup
The measurement setup similar to setup in 6.1 [16, 20, 62]. The bulk electron density
was equal to ns = 2.36 x 10
11 cm−2 with mobility µ = 2.31 x 106 cm2Vs. Through-
out the measurement process, we always an equal split-gate bias (VSG) is applied and
zerocenter-gate bias (VSG). We put the sample inside a dry dilution refrigerator with
an electron temperature of about 100 mK. The Hall voltage (VH) and diagonal voltage
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(VD) measured simultaneously using phase-locked lock-in amplifiers at a frequency of
173 Hz. AC current IAC = 1nA (10nA) applied for transport (RDNMR) purposes. The
device was wrapped with coils to apply an oscillating rf magnetic field in the plane of
two-dimensional electron gas (2DEG). The power delivered to the top of the cryostat
was −30 dBm. It is worthwhile to mention that the delivered power has to be exper-
imentally established to get an optimum signal, too high or too low rf power would
reduce the NMR signal.
First we sweep the magnetic field to find the condition to obtain νbulk = 10, 8, 6, 4.
(electrons occupied 5th, 4th, 3rd, and 2nd Landau levels). Then we sweep the split-
gate bias to set the νqpc = νbulk−1 at a given magnetic field. For DNP process and
RDNMR detection at each selected magnetic field, we fixed the operating split gate
bias to set νqpc slightly deviates from the plateau. 10 nA AC current then applied for
1500 s to polarize the nuclear spin in the constriction. We mainly focusing on the NMR
detection of 75As, while the detection of 69Ga and 71Ga also performed in the 5th LL.
We repeated the measurements RDNMR five times and the results were averaged to
increase the signal-to-noise ratio.
7.2 Conductance Profile of high LL
Figure 7.1(a) displays Hall conductance GHall as a function of a perpendicular magnetic
field measured when constriction is fully open by setting VSG = 0 and VCG = 0. The field
was swept from 0.5 to 3.0 T. Notable bulk integer filling factorsνb are indicated in the
panel. Here we have bulk filling factors νbulk = 4, 6, 8, and 10 at B = 2.5, 1.65, 1.24, and
0.98 T respectively. The conductance profile measured at zero magnetic field in figure
7.1(b) revealed that the electron density beneath a pair of split gates was fully depleted
at approximately VSG ≈ −0.5 V, marked by a sharp decrease in the conductance. All
RDNMR measurements were carried out in a regime where the point contact was formed
by applying VSG < −0.5 V.
Although applying magnetic field perpendicular to the plane will force the electron to
perform circular motion on electrons, we found that the effects on the 1D subband can
be made smaller than those due to electrostatic confinement. Thus it is possible to
preserve the electron motion at the lowest subband in the quantum point contact so
that the motion is as close as possible to that without a magnetic field. Let us consider
the cyclotron radius at B = 0.98 T is about 82 nm, which is about three times larger
than the channel width of the first mode of about 25 nm (roughly estimated from the
Fermi wavelength of about 50 nm). In this case, one can expect that the electron
motion inside the constriction is fairly close to that without a magnetic field although
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Figure 7.1: (a) Hall conductance (GH) as a function of a perpendicular magnetic field
in which several bulk even filling factors νbare indicated. The sheet 2DEG electron
density is ns = 2.36 x 10
11 cm−2. The constriction is open during the conductance
recording. (b) Diagonal conductance profile (GD) as a function of split-gate bias. 2D-
1D transition is indicated by the red arrow at approximately VSG ≈ −0.5 V. (d)
Diagonal conductance (GD) as a function of split-gate bias voltage measured at several
perpendicular magnetic fields. The open circles indicate the operating split-gate bias
at which RDNMR presented in figure 7.2 measured. The inset shows a blowup of the
first conductance profile for zero and 0.98 T fields.
the electron motion outside the constriction is dictated by quantum Hall physics. It
is also worth mentioning that the plateau length at a given magnetic field in Figure
7.1(c) is become shorter in lower subband index. The channel width gets narrower as
we lowering the subbands index, so that the plateau length is mostly determined by the
electrostatic confinement potential. Comparing the conductance plateau at B = 0 T and
B = 0.98 T, the first integer conductance plateau is slightly extended (see lower inset on
7.1(c)). This is as expected from magnetoelectric subband mixing [14]. The wiggles seen
on the zero conductance line occur due to Fabry-Pérot resonances at the point contact
with a flattop potential barrier [69, 70]. Applying a finite perpendicular field will reduce
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this wiggles as the backscattering suppressed by the formation of skipping orbit, giving
us flatter conductance plateau [47].
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Figure 7.2: 75As RDNMR spectra taken at perpendicular fields of 0.98 T (νb = 10,
νqpc < 9), 1.24 T (νb = 8, νqpc < 7), 1.65 T (νb = 6, νqpc < 5), and 2.5 T (νb = 4, νqpc <
3). The rf is swept with increasing frequency at a scan rate of 0.1 kHz/s and rf power
of −30 dBm delivered to the top of the cryostat. All signal are averaged value from
five subsequent traces to increase the signal-to-noise ratio. The appearance of threefold
splitting noted in the GD is due to the electric quadrupole interaction. The solid line
is a Gaussian fit to the data.
RDNMR signal detected at νqpc < 3, 5, 7, and 9 is summarized in figure 7.2. The
RDNMR detection points at high LL were denoted by the white circle in figure 7.1(c)).
We set the νqpc sligthy less than odd filling factors plateau to maximize the conductance
sensitivity to a change in the Zeeman energy of the electrons by nuclear spin polarization.
We then polarize the nuclear spin through DNP process. The time trace of conductance
shows the conductance decreases as the positive nuclear spin polarization enhanced the
potential barrier sensed by the up spin channel and reduce the transmittance through
the quantum point contact. Destroying the nuclear spin polarization by sweep rf near
the Larmor frequency of 75As will restore the potential barrier to its original value and
enhanced the transmittance [56]. Within this picture we can expect NMR peaks. The
edge state of the high LL is illustrated in figure 7.3. Although we have greater number
of edge state incorporated in the picture, the scattering can only happen between two
innermost edge channels as the outer channels are fully occupied. Therefore our picture
of DNP and RDNMR mechanism is still applicable at higher LL.
Chapter 7 RDNMR in higher Landau level 60
bulk, qpc = 6, 5bulk, qpc = 4, 3 





bulk, qpc = 10, 9
Figure 7.3: Edge state illustration at high LL corresponds to RDNMR spectra in
figure 7.2
All RDNMR signal shows threefold splitting due to the strain-induced electric quadrupole
interaction that have been discussed in section 6.2. We see the amplitude of each peak
varies depending on the operating field, which is likely to reflect the occupancy proba-
bility of each nuclear spin level after current-induced DNP [71].
Figure 7.4: Quadrupole splitting (∆f ) variation as a function of filling factor νqpc
It is interesting to note that at a higher magnetic field (νbulk = 4, νqpc = 3), the splitting
between CT and its satellites reduces from about ∆f = 30 kHz to about∆f = 20 kHz
measured at a lower magnetic field (νbulk = 10, νqpc = 9). The electric quadrupole
interaction itself does not depend on the magnetic field but the strain field [20]. First,
we investigate the effect of Joule heating on the quadrupole splitting variation. We
vary AC current (IAC) applied to induce the spin flip-flop process responsible for DNP
and RDNMR detection. The results of RDNMR signals detected with different IAC
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Figure 7.5: RDNMR signal detected with different excitation current IAC at B = 2.5
T. The quadrupole splitting Deltaf is independent of the applied currents.
values are summarized in figure 7.5. The quadrupole splitting detected at B = 2.5 T
are independent of the AC current variation (IAC = 2.5 nA to IAC = 10 nA), indicating
the Joule heating is not responsible for ∆f variation.
One plausible explanation for the quadrupole splitting variation detected at different B
is due to the presence of spatial strain modulation imposed by the GaAs semiconductor
and those three metal gates. Here at different magnetic fields, we applied a quite wide
range of VSG. Depends on where the polarization takes place, the polarized nuclear spins
could feel different strain around the point contact. At νbulk = 4, νqpc = 3 combinations,
we impose stronger confinement potential by applying more negative VSG compared
to other ν combination. As the channel squeezed closer to the center of QPC, this
combination sense stronger quadrupole interaction leads to a larger separation between
the CT and its satellites.
The measured 75As Larmor frequency plotted in 7.6 is at ωL = 7.27 MHz/T. RDNMR
signal of 69Ga and 71Ga nuclei detected at B = 0.98 T convinced that the signal is
truly an NMR signal. The RDNMR signal of 69Ga and 71Ga measured at 5th LL,
with the same condition as figure 7.3(d), are displayed in figure 7.7. The solid line in
7.7 is the Gaussian fit to the data with a corresponding linewidth of about 38 kHz for
69Ga and 22 kHz for 71Ga nuclei, respectively. Although the threefold splitting is not
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Figure 7.6: Center transition 75As resonance frequency detected at different fields.
The dashed line is the linear fit to the data extrapolated to zero field. The measured
slope is about 7.27 MHz/T
resolved, the excess broadening is due to the electric quadrupole interaction. Broader
signal of 69Ga compared to 71Ga reflects higher electric quadrupole moment Q for 69Ga
(0.19× 10`28m2) than 71Ga (0.12× 10`28m2).
Figure 7.7: 69Ga and 71Ga spectra detected at the same condition as figure 7.3. The
solid line is the Gaussian fit to the data with corresponding linewidths of 38 and 22
kHz, respectively.
7.4 Summary
We have achieved the generation and detection of nuclear spin polarization in a quantum
Hall setting at a high LL of up to the fifth LL without lifting the spin degeneracy of
the first subband. Our developed NMR technique can potentially work at even lower
perpendicular magnetic fields and/or elevated temperatures by employing a higher mo-
bility device [72] and a lower 2DEG density [73]. For instance, a quantum point contact
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device used by Kou et al. [73] has a 2DEG density three times lower than ours and the
mobility more than five times higher than ours. This means that with such a device,
RDNMR detected at the fifth LL can be operated at a field as low as 0.3 T and at an
elevated temperature. We believe that this would bring the RDNMR technique to a
regime suitable for studying anomalous conductance in the lowest 1D subband. Beyond
anomalous conductance, the developed RDNMR technique we have described would be
useful for probing interedge mode interactions.
Chapter 8
Scattering and Tunneling at
Fractional Quantum Hall Regime
The fractional quantum hall effect (FQHE) in which the conductance quantization ob-
served at fractional filling factor, has attracted many interests. The fundamental build-
ing blocks of FQHE are based on the composite fermion theory. The composite fermion
theory, introduced by Jainendra Jain [74], begins with the anticipation that the FQHE
and the IQHE can be unified. This theory is then used to understand key experimental
observations related to spin phase transitions of the fractional quantum Hall effect. The
CF theory can be generalized to include the spin degree of freedom, with many states
with different spin polarization are possible at each fraction. Composite Fermion (CF)
model suggests that an even number (m) of flux quanta attach to each electron. The CF
feels the effective magnetic reduces by Beff = B− 2mnφ0. The fractional plateaus then
become analogues to integer plateaus of CF [75], with ν = 12 corresponding to B = 0 for
CF with 2 attached flux quanta (m = 1). Here the CF forms a Fermi sea that can have
a different degree of spin polarization. For example, ν = 23 and ν =
2
5 can be observed as
having both spin-polarized and spin-unpolarized ground state depends on the magnetic
field [73, 76]. In QPC as the gate voltage is tuned such that the QPC varies from fully
open to fully closed, the conductance G develops a set of quantized plateaus. The most
prominent is the plateau with G = 13
e2
h ; other plateaus that have been reported are



















In the previous chapters, we have discussed current-induced DNP and RDNMR detection
in the integer quantum hall regime. The same technique can be applied to fractional
quantum hall regime. RDNMR has been a powerful tool for studying the FQH states
in a 2DEG[53, 76]. Breakdown of FQHE at high bias can also induce DNP, though
states in the FQH and its edge channel polarity is yet to be understood. We study
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the spin polarization in FQH regime through the investigation of DNP and RDNMR
measurement at νb, νqpc = 1,
2
3 . Interestingly in the high magnetic field regime where
both channel are believed to be fully polarized, we could observe DNP and RDNMR
signals. Our results indicate the DNP mechanism in the constriction is originated from
a different manner compared to its bulk, which related to the spin domain dynamics.
The actual edge channel could be much more complex and we could not treat the spin
to be always fully polarized as in the current existing theoretical model.
We demonstrate observation of odd-denominator and even-denominator FQH states by
manipulating the confinement potential in our triple-gate QPC. The narrow channel
formed in the QPC is suitable to study the edge channel characteristic as it becomes
more pronounced. Our results at ν = 23 strongly suggest the spin degree of freedom is
not completely frozen in a high magnetic field and can be picked up by the RDNMR
technique, as opposed to the current theoretical models. We confirm the RDNMR signal
in QPC originating from a different mechanism than in bulk, given by the observation
of conductance dip in B = 11 T and B = 12 T and larger quadrupole splitting. In
addition, we extend our study of FQH state in observation of even denominator ν = 32 ,
which has been proposed to exhibit nonabelian statistics. Having additional center-
gate gives us an advantage to fully control the confinement potential. In a stronger
confinement potential imposed by more positive VCG. Bringing two edge-channel closer
to each other will promote tunneling between them, leads to the observation of ν = 32 .
Chapter 9
Conclusion
In conclusion, we have demonstrated successful fabrication of triple-gate quantum point
contact based on GaAs/AlGaAs heterostructure. Exploiting our QPC ability to act as
a tunable spin filter device. It allows us to study hyperfine-mediated transport through
RDNMR detection.
In a quest to pursue a lower detection limit of RDNMR, we found the central transition
(CT) linewidth is dependent on the magnetic field. FWHM analysis reveals that the
linewidth broadening is proportional to the magnetic field in a low-field regime reflecting
the contribution of the Knight-shifts, and saturation at higher fields suggesting the
contribution of Coulomb interaction. RDNMR detection at the LLL indicates the spin-
flip scattering responsible for RDNMR mechanism demands the 1st subband degeneracy
to be fully lifted, by applying at least B = 1.25 T. The cost of fully lifted 1st subband
degeneracy is the ”0.7 anomaly” no longer observed. To further push the detection
limit of RDNMR, we demonstrate the local generation and detection of nuclear spin
polarization operating at up to the fifth LL. The technique can be utilized to study the
anomalous conductance in the lowest 1D subband.
The RDNMR technique is then utilized to study spin degree freedom at a high magnetic
field where FQHE can be observed. At a high magnetic field, it is safe to assume that the
electron spin is fully polarized and so does the current-carrying edge channel. In contrary
to the current understanding, we observed current-induced DNP and RDNMR signal
at both flanks of νqpc =
2
3 with different signal polarity. The side-by-side comparison
to RDNMR signal detected at νbulk =
2
3 indicates different DNP mechanism in the
constriction. Our result suggests that the actual edge channel could be much more
complex than the current existing theoretical model. Our QPC could be utilized to
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